First-generation Sanger DNA sequencing revolutionized science over the past three decades and the current next-generation sequencing (NGS) technology has opened the doors to the next phase in the sequencing revolution. Using NGS, scientists are able to sequence entire genomes and to generate extensive transcriptome data from diverse photosynthetic eukaryotes in a timely and cost-effective manner. Genome data in particular shed light on the complicated evolutionary history of algae that form the basis of the food chain in many environments. In the Eukaryotic Tree of Life, the fact that photosynthetic lineages are positioned in four supergroups has important evolutionary consequences. We now know that the story of eukaryotic photosynthesis unfolds with a primary endosymbiosis between an ancestral heterotrophic protist and a captured cyanobacterium that gave rise to the glaucophytes, red algae and Viridiplantae (green algae and land plants). These primary plastids were then transferred to other eukaryotic groups through secondary endosymbiosis. A red alga was captured by the ancestor(s) of the stramenopiles, alveolates (dinoflagellates, apicomplexa, chromeridae), cryptophytes and haptophytes, whereas green algae were captured independently by the common ancestors of the euglenophytes and chlorarachniophytes. A separate case of primary endosymbiosis is found in the filose amoeba Paulinella chromatophora, which has at least nine heterotrophic sister species. Paulinella genome data provide detailed insights into the early stages of plastid establishment. Therefore, genome data produced by NGS have provided many novel insights into the taxonomy, phylogeny and evolutionary history of photosynthetic eukaryotes.
Introduction
DNA sequencing, developed by Sanger et al. (1977) revolutionized not only the biological sciences, but also impacted human society in general due to the widespread use of DNArelated technologies. For example, certain diseases and cancers can be detected using DNA-chips that were shown in comic books just a few decades ago. The first-generation, chain-terminated 'Sanger DNA sequencing' method has developed significantly with fluorescent-labelling and capillary electrophoresis into a fully automated instrument. This method can accurately read 700-900 bp and is therefore good for individual gene sequencing. Although 96 individual specimens can be run at one time using this method, the running time and costs are high and the high-throughput capacity is low when applied to genome-wide sequencing.
In 2005, a new technology referred to as 'next-generation sequencing (NGS)' was introduced that leads to the determination of millions of DNA sequences in a single process. Using the pyrosequencing method, the 454 Genome Sequencer (http://www.454.com) generates ca. 700 Mbp from a single run. Subsequent development of technologies brought several NGS platforms including a reversible dyeterminator-based Illumina Genome Analyser, HiSeq and MiSeq (http://www.illumina.com), ligation-based SOLiD Genome Sequencer (http://www.lifetechnologies.com) and a semiconductor-based Ion Personal Genome Machine (PGM) and Ion Proton (http://www.lifetechnologies.com/ us/en/home/brands/ion-torrent.html). These NGS platforms provide short reads (50-700 bp), but generate massive amounts of data up to 600 Gbp (e.g. HiSeq 2500). Singlemolecule sequencing methods Korlach et al., 2008; Pushkarev et al., 2009) were introduced with the HeliScope genome analyser (http://www.helicosbio. com), PacBio RSII (http://www.pacificbiosciences.com) and Starlight (http://www.lifetechnologies.com), which do not require a DNA amplification step. However, these so-called 'Third-Generation Sequencing' technologies are currently still under development. NGS has provided significantly lower running costs and a simpler process in an automated pipeline on a tabletop machine; see Table 1 for a comparison of the major NGS platforms.
In summary, genome analysis is expensive and time consuming; therefore, the resources to support such studies are limited. However, technological developments such as rapid, simplified library preparation methods and highthroughput sequencing technologies have significantly advanced over the last decade as described above. These developments have extended the reach of genomics, once limited to human and several model species, to many other species including photosynthetic eukaryotic algae. Following on the heels of the sequencing revolution brought by Sanger sequencing, NGS is affecting various fields of science allowing them to address fundamental questions and providing new insights for society. This review will discuss the diversity of photosynthetic eukaryotes (e.g. algae) and how the new technology of NGS can be applied to biological questions with a special focus on evolution, phylogenetics and taxonomy.
Origin and diversity of photosynthetic eukaryotes
Algae and plants are taxonomically diverse groups of photosynthetic organisms that are ubiquitous on our planet. These organisms form a basis of the food chain as primary producers and have a wide variety of morphologically divergent forms from microscopic picoplankton that inhabit open oceans (Díez et al., 2001; Biegala et al., 2003) to macrophytic organisms several metres in size that form turf meadows and kelp forests in coastal waters (Graham & Wilcox, 2000) . The diversity among algae is enormous, not only with respect to the size and shape of the organisms, but also with respect to the various plastids that carry out photosynthesis in these eukaryotic cells.
Five supergroups and several phylogenetically uncertain incertae sedis eukaryotic groups were recognized based on molecular evidence (Adl et al., 2005 (Adl et al., , 2012 (Fig. 1) . These include the supergroups Amoebozoa, Opisthokonta (e.g. animals and fungi), Excavata (e.g. Euglena and Giardia), Plantae [land plants, green, red and glaucophyte algae (also known as Archaeplastida)], SAR (colloquial abbreviation for stramenopiles, Alveolates and Rhizaria, e.g. diatom, dinoflagellates, Cercozoa) and phylogenetically uncertain groups of Hacrobia (haptophytes, cryptophytes and their relatives), Ancyromonadida, Apusomonadidae and Breviatea (see details in Adl et al., 2012) . In the Eukaryotic Tree of Life (EuToL), photosynthetic eukaryotes include 12 phylum-level groups (ignoring the remnant plastid-containing parasitic apicomplexa) that do not form a monophyletic lineage. They are positioned separately in four supergroups with nonphotosynthetic members in each clade (Fig. 1 ). This suggests independent acquisitions of photosynthesis (i.e. plastid or chloroplast) across the EuToL.
The endosymbiosis hypothesis was proposed to explain the origin of cellular organelles such as mitochondria and plastids (Mereschkowski, 1905; Sagan, 1967) . In evolutionary biology, endosymbiosis specifically refers to a permanent irreversible symbiotic relationship in which a cell lives within another cell. Three major types of endosymbiosis (primary, secondary and tertiary) are recognized in photosynthetic eukaryotes based on the type of endosymbiont: i.e. a prokaryote gives rise to a primary plastid, and a eukaryotic endosymbiont gives rise to a secondary or tertiary plastid .
Photosynthetic organelles called plastids, however, ultimately trace back to the single primary endosymbiosis where a cyanobacterium resided permanently within a heterotrophic eukaryotic host . This transition from a heterotroph to a photoautotrophic eukaryote altered ecosystems significantly because prior to primary endosymbiosis only cyanobacteria were able to conduct oxygenic photosynthesis. The first alga subsequently diverged into three phyla, the Glaucophyta, Rhodophyta and Viridiplantae (green algae and land plants). These three lineages contain two-membrane-bounded plastids, however, glaucophyte plastids retain the peptidoglycan layer between the organelle membranes as in cyanobacteria. Both plastids of rhodophytes and glaucophytes contain chlorophyll a and phycobiliproteins with unstacked thylakoids, whereas chloroplasts of Viridiplantae contain chlorophylls a and b as photopigments with thylakoid stacks (granum). The monophyletic origin of the Plantae has been supported by plastid genes (Rodríguez-Ezpeleta et al., 2005; Yoon et al., 2006) , nuclear-encoded plastid-targeted genes Deschamps & Moreira, 2009 ) and nuclear genes (Rodríguez-Ezpeleta et al., 2005; Hackett et al., 2007; Burki et al., 2007) , although many studies have argued against a single origin of this lineage (e.g. Kim & Graham, 2008; Parfrey et al., 2010) . The most recent NGS data based on genome-wide analyses strongly support the hypothesis of a single common origin of the Plantae (Chan et al., 2011; Price et al., 2012; Bhattacharya et al., 2013) .
Isolated from strata with an estimated age of 1.2 billion years, the existence of the red algal fossil Bangiomorpha (Butterfield, 2000) is consistent with molecular clock estimates that place the time of primary endosymbiosis around 1.5 billion years ago Parfrey et al., 2011) . It is therefore surprising to find the rarity of primary plastids in nature given the long evolutionary history of photosynthesis in eukaryotes. It is also still unclear why primary endosymbiosis is so rare. This may reflect the difficulties in attaining genetic integration between the host nucleus that relates to endosymbiotic gene transfer (EGT), the origin of a plastid protein import machinery with transit peptides, and a metabolic exchange system with membrane transporters that are critical for the establishment of endosymbiosis (see review of Reyes-Prieto et al., 2007 and references therein). Furthermore, this first photosynthetic algal lineage must survive among heterotrophic competitors that gain energy from external food sources. Collectively, genetic and ecological bottlenecks may have contributed to the rarity of primary endosymbiosis.
Besides the Plantae, the only other known case of primary endosymbiosis is Paulinella chromatophora (Lauterborn, 1895; Marin et al., 2005; Yoon et al., 2006 Yoon et al., , 2009 Nowack et al., 2008 Nowack et al., , 2011 Reyes-Prieto et al., 2010; Nowack & Grossman, 2012) , which acquired a Synechococcus-like alpha-cyanobacterium~60 million years ago (Nowack et al., 2008) . The genus Paulinella is a member of the Cercozoa (Rhizaria) within the supergroup SAR. Interestingly, nine sister species of photosynthetic Paulinella, that have diverged into at least two species after plastid establishment (Yoon et al., 2009) , are heterotrophic and digest captured organisms in food vacuoles (Johnson et al., 1988; Vørs, 1993; Hannah et al., 1996; Nicholls, 2009) . Several key insights into plastid establishment resulted from recent studies of Paulinella. We now know, for example, that the endosymbiont genome from the potential donor lineage, Synechococcus, when transferred to Paulinella chromatophora was reduced in size from ca. 3 Mbp to 1.02 Mbp, encoding 867 genes and in the case of Paulinella sp. FK01 to 0.97 kbp with 841 genes. This occurred by widespread gene loss of non-essential genes and by reduction in the size of multi-copy gene families (Nowack et al., 2008; Reyes-Prieto et al., 2010; Qiu et al., 2012) . Insertions/deletions were important for pseudogene formation that ultimately led to gene deletion. However, the two published plastid genomes of Paulinella show significant conservation in terms of gene order with only five inversions and one translocation distinguishing them.
However there are 66 lineage-specific differential gene losses that support their recognition as different species. EGTs (i.e. psaI) likely progressed with 'gene duplication' in the nuclear and plastid genome, with subsequent pseudogenization of the original plastid gene copy (Reyes-Prieto et al., 2010). The Paulinella plastid genomes have therefore provided important perspectives into the initial stages of plastid establishment.
In contrast to the two-membrane-bound primary plastids in Viridiplantae, red and glaucophyte algae, other algae have plastids with three or four bounding membranes. This provides one important piece of evidence for secondary endosymbiosis (Gibbs, 1978) . In addition, cryptophytes and chlorarachniophytes retain the vestigial nucleus of their red and green algal endosymbionts, respectively (McFadden & Gilson, 1995; Douglas et al., 2001; Ludwig & Gibbs, 1987; Lane et al., 2007; Curtis et al., 2012) . Through secondary endosymbiosis between eukaryotes, primary plastids have spread into diverse algal groups Gould, 2012) . Although it is still controversial to include the cryptophytes and haptophytes ( Fig. 1 ) in the supergroup SAR, it is, nonetheless clear that cryptophytes, haptophytes, heterokonts (5stramenopiles), dinoflagellates, chromeridae, rappemonads and apicomplexa retain a red algal plastid as a secondary endosymbiont. Two independent green alga-derived endosymbiosis events resulted in the chlorarachniophyte and euglenophyte plastids (Cavalier-Smith et al., 1994; McFadden et al., 1994; Bhattacharya et al., 1995; Cavalier-Smith, 1999 ).
Application of NGS for analysing photosynthetic eukaryotic algae
Since 2005, NGS technology has been widely applied to generate whole-genome and extensive transcriptome data from various types of DNAs including total genomic DNA, organelle DNA, targeted DNA sequences, as well as mRNAs of entire transcriptomes (Fig. 2) . To verify protein-DNA interactions or DNA methylation, NGS-related technologies are actively used in epigenetic studies (e.g. Chlp and MeDIP sequencing). Because of its broad applications, NGS is opening doors to the next phase in evolutionary studies of algae.
Whole-genome and transcriptome sequencing
In spite of their evolutionary importance, algae have been poorly studied due to the relatively small community of dedicated researchers and the limited genetic and molecular tools available for assessing gene function for these highly diverse groups (Tirichine & Bowler, 2011) . One exception is the green alga Chlamydomonas reinhardtii, a model organism to study photosynthesis and flagella origin using wholegenome data (Pröschold et al., 2005; Merchant et al., 2007) . Several whole-genome sequences have become available over the last decade along with the growing interest in algae as buffers against global warming and as an alternative source of biofuel and food. The first algal genome of 16 Mbp in size was sequenced in 2004 from the extremophilic red alga Cyanidioschyzon merolae (Matsuzaki et al., 2004) , followed by the 34 Mbp draft genome from the marine diatom Thalassiosira pseudonana (Armbrust et al., 2004) .
From 2005 onwards, the introduction of NGS has dramatically accelerated genome sequencing of algae as shown in Table 2 . This includes genomes from the green algae Ostreococcus tauri (Derelle et al., 2006) , Ostreococcus lucimarinus (Palenik et al., 2007) , Chlamydomonas reinhardtii (Merchant et al., 2007) , http://dx.doi.org/10.1601/nm.4210Micromonas pusilla (Worden et al., 2009) , Chlorella vulgaris (Blanc et al., 2010) , Volvox carteri (Prochnik et al., 2010) , from the red algae Chondrus crispus (Collén et al., 2013) and Porphyridium purpureum and from the glaucophyte Cyanophora paradoxa . There are several stramenopile genomes available from Phaeodactylum tricornutum (Bowler et al., 2008) , Amphora sp. and Attheya sp. (Raymond & Kim, 2012) , Aureococcus anophagefferens (Gobler et al., 2011) and Ectocarpus siliculosus (Cock et al., 2010) . Recently, genomes from two nucleomorph-containing taxa, the cryptophyte Guillardia theta and the chlorarachniophyte Bigelowiella natans were published (Curtis et al., 2012) . In addition, since 2008, draftgenome data from the haptophyte Emiliania huxleyi, the diatoms Fragilariopsis cylindrus and Pseudo-nitzschia multiseries, non-photosynthetic stramenopiles Aurantiochytrium limacinum ATCC MYA-1381, Phytophthora capsici LT1534, Phytophthora cinnamomi var. cinnamomi, Phytophthora ramorum, Phytophthora sojae and Schizochytrium aggregatum ATCC 28209 are available from the Joint Genome Institute (JGI; http://genome.jgi-psf.org/).
Genome data have provided insights into many fundamental questions, such as ecophysiological adaptation in environments, genome evolution through horizontal gene transfer (HGT) and origin of multicellularity. For example, based on the 214 Mbp of genome sequence from the brown alga Ectocarpus siliculosus that encoded 16 256 proteins, Cock et al. (2010) found that this filamentous seaweed is able to survive in highly variable intertidal environments using an extended set of light-harvesting and photo-pigment biosynthesis genes that support new metabolic processes. They postulated that the evolution of multicellularity in this lineage might be correlated with the presence of a rich array of signal transduction genes. Recently, Bhattacharya et al. (2013) described the first genome sequence from a unicellular mesophilic red alga, Porphyridium purpureum, which encoded 8355 genes with 235 spliceosomal introns in a 19.7 Mbp genome. Given that anciently diverged taxa likely related to Porphyridium purpureum were the plastid donor for diverse chlorophyll c-containing algal groups, they demonstrated that red algae acted as mediators of HGT between prokaryotes and photosynthetic eukaryotes. Based on all available genome data, Qiu et al. (2013a) found ca. 295 genes of cyanobacterial-derived EGT in Porphyridium Purpureum, of which 230 are shared with SAR. They also found 430 non-cyanobacterial genes including many Chlamydiae-derived genes (e.g. Huang & Gogarten, 2007; Moustafa et al., 2009 ) that were transferred to chromalveolates. These results strongly support the idea that an ancestral red alga was not only the donor of plastid but also a resource of prokaryotic genes into SAR (and other taxa) via E/HGT. From these examples, it is clear that genome data have provided many novel insights into the evolutionary history of algae.
The application of RNA-seq techniques to algae can identify inventories and estimates of expression levels of mRNAs in a given time and environment. Because mRNA sequences do not contain introns, transcriptome data are readily used for novel gene discovery as well as gene annotation for whole-genome sequencing projects. Supported by the Department of Energy, the JGI provides transcriptome data for many algal species. In addition, supported by the National Center for Genome Resources and the Gordon and Betty Moore Foundation, the Marine Microbiology Initiative has started a transcriptome sequencing program from 750 marine microbial eukaryotes including numerous algal species (http://marinemicroeukaryotes. org). Once these transcriptome sequencing projects are completed, the data are made freely available to the research community. gDNA/BAC/ mtDNA/cpDNA Fig. 2 . Next-generation sequencing and its applications. The three sources of genetic information: genomes, transcriptomes and epigenomes are shown in different columns with starting materials (i.e. DNA or RNA). Each application is highlighted in a white box with a short description.
Mitochondrial genome
Because of its long history, likely concomitant with that of eukaryotic cells, maternal inheritance and compact size for easy use, mitochondrial genes are considered to be valuable alternative markers to nuclear genes. In particular, they have been used to resolve 'deep' evolutionary relationships among eukaryotes (Martin & Müller, 1998; Vellai et al., 1998) . Mitochondrial genes provide valuable information among closely related species as well as among populations due to their fast evolutionary rate (Brown et al., 1979; Wilson et al., 1985; Zhang et al., 2012) . For instance, the cox1 and cox2-3 genes are frequently used as mtDNA markers for species identification (Conklin et al., 2009 ).
Despite its utility, complete mitochondrial-genome data from algae are still limited. Since the first report on the complete mitochondrial genome from green alga, Chlamydomonas reinhardtii (Vahrenholz et al., 1993) , only a handful of complete algal mitochondrial genomes have been deposited in GenBank (http://www.ncbi.nlm.nih.gov). These are biased toward economically, environmentally and medically important species. This includes species from the green algae (20), stramenopiles (38), red algae (10), cryptophytes (2), glaucophytes (2) and haptophytes (1). These data have been used for characterizing mitochondrial genomes, but not many studies have been designed to allow a comprehensive analysis from a broad taxon selection to understand organelle evolution and phylogenetic relationships (i.e. at the class or phylum level).
Red algae provide an ideal target for mitochondrialgenome analysis because they are an ancient eukaryotic group (Butterfield, 2000) whose constituent classes have proven challenging to position in phylogenetic trees. The interrelationships of the classes Compsopogonophyceae, Porphyridiophyceae, Rhodellophyceae and Stylonematophyceae and orders within the subclasses Nemaliophycidae and Rhodymeniophycidae are unresolved. To fill this gap in our knowledge of red algal mitochondrial-genome evolution, Kim et al. (2013a, b, c) and Yang et al. (2013a, b) recently completed nine mitochondrial genomes from representatives of all subclasses of the Florideophyceae, the , whereas five events were found between the two early-diverged subclasses of Hildenbrandiophycidae and Nemaliophycidae. With all mitochondrial genes (i.e. 24 genes) as a phylogenetic marker, they resolved the interrelationships between orders of the Rhodymeniophycidae, which have until now proven impossible to resolve using multi-gene data (e.g. up to14 genes; Yoon et al., 2006; Le Gall & Saunders, 2007; Verbruggen et al., 2010) . From this study, it has become clear that mitochondrial-genome data provide a promising solution to resolving ancient splits among algal lineages.
Plastid genome
Plastid-genome size varies greatly across algal groups from 41 kbp (Micromonas pusilla CCMP1545, Worden et al., 2009) to 521 kbp (Floydiella terrestris, Brouard et al., 2010) , but in general ranges from 100-200 kbp. Like mitochondria, the plastid is usually maternally inherited and genes are easy to amplify using PCR, leading to plastid gene sequences being widely used for phylogenetic studies. The small size and highly conserved structure of plastid genomes makes the assembly and completion easier than for nuclear genomes (Harrison & Kidner, 2011) . Sixty-five plastid genomes are available in the GenBank database including the euglenophyte Euglena gracilis (Hallick et al., 1993) , which was the first to be sequenced. Approximately 42 % of the published plastid genomes are from green algae [27 genomes; e.g. Bryopsis hypnoides (Lü et al., 2011) , Chaetosphaeridium globosum (Turmel et al., 2002) , Mesostigma viride (Lemieux et al., 2000) , Nephroselmis olivacea (Turmel et al., 1999) and Oedogonium cardiacum (Brouard et al., 2008) Recently, phycologists have begun to use entire plastidgenome data to elucidate taxonomy and phylogeny, and to support evolutionary studies. For example, Janouškovec et al. (2013) published the four red algal plastid genomes of Calliarthron tuberculosum, Chondrus crispus, Grateloupia lanceolata and Cruoria species. They tried to resolve the relationships among Bangiophyceae, Cyanidiophyceae, Florideophyceae and Porphyridiophyceae. With comparison of all 203 plastid genes, they suggested barcoding markers for particular taxonomic levels. Although plastid genomes are larger than those of mitochondria, they are more difficult to assemble and complete than mitochondrial genomes using NGS data. Nonetheless, plastid genomes can provide significant information to address many scientific issues.
Multi-gene phylogenies
The vast amount of data generated by NGS provides a direct source of gene information for phylogenetics (Harrison & Kidner, 2011) . The use of a variety of nuclear loci is expected to increase the resolution of phylogenetic relationships in the EuToL because of the larger number of informative characters included in the analysis.
Initially derived from Sanger sequencing-based expressed sequence tag (EST) data, then from NGS-derived information, multi-gene data have been widely used to address phylum-level evolutionary relationships among photosynthetic eukaryotes. The monophyly of the supergroup Plantae (i.e. was this a single primary endosymbiosis?) and 'Chromalveolata' (i.e. how many red algal-derived secondary endosymbioses exist?) have been two major questions in the field because these answers inform us about the number of plastid origins and their diversification. Genome-wide multi-gene datasets were used to address the monophyly of glaucophytes, rhodophytes and Viridiplantae (the supergroup Plantae). Using phylogenomic (a new term for genome-enabled phylogenetics) methods, several independent studies strongly supported the monophyletic origin of the Plantae based on 143 nuclear and 50 plastid genes (Rodríguez-Ezpeleta et al., 2005), 16 nuclear genes (Hackett et al., 2007) and 19 and 124 nuclear-encoded plastid-targeted proteins (ReyesPrieto & Bhattacharya, 2007; Deschamps & Moreira, 2009 ).
Multi-gene datasets were also used to test the chromalveolate hypothesis (Cavalier-Smith, 1999), a group that was postulated to include chlorophyll c-containing lineages of stramenopiles, haptophytes, cryptophytes, dinoflagellates, apicomplexans and ciliates. However, rather than indicating a monophyletic Chromalveolata, support was found for the SAR group [stramenopiles+Alveolates (dinoflagellates, apicomplexans, ciliates)+Rhizaria (Cercozoa, foraminifera, radiolarians)] (Burki et al., 2007; Hackett et al., 2007; Burki et al., 2008; Parfrey et al., 2010) . The evolutionary relationship of the cryptophytes and haptophytes remains unresolved, however, the monophyly of these taxa was suggested by sharing a HGT-derived ribosomal protein gene (rpl36) in their plastid genomes (Rice & Palmer 2006) , which was supported by multi-gene data (Burki et al., 2007; Hackett et al., 2007; Burki et al., 2008) . The Hacrobia hypothesis was proposed, which includes their phylogenetic relatives the Katablepharids, Telonemia and Centroheliozoa, based on large-scale phylogenomic analysis (Okamoto et al., 2009; Burki et al., 2009; Burki et al., 2012) .
Although NGS data have been widely used for multi-gene phylogenetics, combining data from different loci can be problematic due to HGT, ancestral polymorphisms, orthologue and paralogue issues, hybridization, introgression and incomplete lineage sorting that can result in incongruence between gene trees and species trees (Brower et al., 1996; Doyle, 1997) . Some genes exist in multi-gene families that have undergone differential gene loss or gene duplication in different lineages, which leads to issues with delineating orthologues from paralogues. For example, the Paulinella plastid genome contains a multi-copy of psbA and psbD, which shows strong signal for concerted evolution. After gene duplication followed by the process of concerted evolution, this might lead to paralogues experiencing random gene deletions . If the psbA case in Paulinella reflects what occurred in the Plantae ancestor, then we have to be cautious when choosing serially duplicated genes to resolve deep phylogenetic relationships. Because there are many reports of HGT from prokaryotes and even from eukaryotes to other eukaryotic genomes, choosing genes for genetic markers from the thousands of sequences generated by NGS is a crucial step in the process. It must be tested if each sequence is single copy and orthologous across all taxa (Altenhoff et al., 2012; Harrison & Kidner, 2011; Waterhouse et al., 2011) .
To overcome potential problems resulting from the concatenation of genes for multi-gene analysis, Chan et al. (2011 and Bhattacharya et al. (2013) developed a new phylogenomic approach based on analysis of the Porphyridium, Calliarthron and Cyanophora genomes. Instead of combining multi-genes, they counted the number of genes that support a certain relationship (i.e. the monophyly of Plantae) after phylogenetic analysis using individual genes. For example, based on a draft assembly of the 70 Mbp nuclear genome from the glaucophyte Cyanophora paradoxa, Price et al. (2012) generated 4445 maximum-likelihood trees and found more than 65 % (65-80 %) support the sister-group relationship between glaucophytes and red and/or green algae with a strong bootstrap support (¢90 %). From this single gene-treebased phylogenomic analysis, they were able to provide strong evidence for a single origin of the primary plastids of Plantae .
Biodiversity studies using metagenomics and single-cell genomics
One area where high-throughput sequencing capacity might shed light on fundamental processes is in biodiversity research. It has been known for decades that the number of micro-organisms that cannot be cultured under laboratory conditions by far exceeds the number that are harnessed for research (DeLong, 2009) . Until now, only a small number of planktonic algae have been brought into culture (Vaulot et al., 2008) Price et al., 2012; Burki et al., 2012) .
In order to address natural diversity, environmental PCR approaches have been used with several markers such as 16S rRNA gene (McDonald et al., 2007) , 18S rRNA gene (Fuller et al., 2006) , and psbA (Man-Aharonovich et al., 2010) sequencing along with flow cytometry sorting (Cuvelier et al., 2010; Shi et al., 2011) . 18S rRNA-based fluorescent in situ hybridization (FISH) probes or quantitative PCR methods have been used to understand marine phytoplankton diversity (Countway & Caron, 2006; Not et al., 2004) . These different approaches still have limitations due to the high degree of conservation of rRNA sequences, difficulty of cultivation and focused studies for a few dominant clades. In the last decade, metagenomic approaches have been applied to the Sargasso Sea using the environmental genome shotgun-sequencing method pioneered by Craig Venter (Venter et al., 2004) . These approaches have opened new doors for studying oceanic microbial diversity as well as community structure at the genome level. For instance, using the shotgun-sequencing methods they found at least 1800 genomic species including 148 previously unknown bacterial phylotypes and numerous novel genes including more than 782 new rhodopsin-like photoreceptors (Venter et al., 2004) . These metagenomic approaches were very efficient for studying the bacterial community, however, until very recently they have not been applied to eukaryotic populations. This is because eukaryote genomes are generally very large with many repeated genes making them difficult to assemble and, in addition, environmental samples are generally dominated by bacteria (Massana et al., 2008; Piganeau et al., 2008) .
One approach, proposed a few years ago for prokaryotes (Zhang et al., 2006) , that has recently been gaining wide popularity is known as 'single-cell genomics'. This approach comprises two steps. The first is to isolate individual cells using fluorescence-activated cell sorting (FACS), which can be used to isolate specific cellular groups based on their size and pigment content, and the second step is to amplify whole genomes for NGS. The first in-depth single-cell genome of a eukaryote was reported by Yoon et al. (2011) . They provided genomic information from three wild-caught cells of uncultivated small eukaryotes, the picobiliphytes that were identified microscopically by Not et al. (2007) using 18S rRNA gene-based FISH. From a total 270 Mbp of draft-genome data (90 Mbp from each cell), they identified not only nuclear genome of picobiliphytes but also a significant fraction of DNA sequences that were related to viruses, phages, Bacteroidetes and Proteobacteria, which are likely to be protist food sources.
Another example of eukaryotic single-cell genomics study is for the heterotrophic Paulinella ovalis . Paulinella ovalis ingests cyanobacteria in food vacuoles (Johnson et al., 1988 ) that clearly differ from photoautotrophic Paulinella chromatophora (see above). Using single-cell genomic methods, six genomes of Paulinella ovalislike cells were sequenced using 454 and Illumina GAIIx platforms. Among 34 genes putatively derived from cyanobacterial prey, 12 genes were specifically related to alphacyanobacteria Prochlorococcus and Synechococcus, which are related to the donor of the plastid in Paulinella chromatophora. Two cyanobacterial-derived HGT were identified (i.e. DAP epimerase and leucyl-tRNA synthetase) in the nuclear DNA with two flanking genes of eukaryotic origin. These results provide a possible scenario for the acquisition of a primary plastid by phagotrophic Paulinella cells that feed on cyanobacterial prey.
The single-cell genomics approach not only opens up the new field of single-cell metagenomics to understand microbial eukaryote-environment interactions and feeding behaviour but also provides comprehensive datasets required to understand the initial stage of endosymbiosis with E/HGT in nature and to reconstruct an informed Eukaryotic Tree of Life. Metagenomic approaches using NGS are one way to increase our knowledge about these little-known groups. Moreover, this approach cannot only be used to study photosynthetic eukaryotic algal biodiversity in general, but also allows the characterization of the environmental distribution of eukaryotic algae as a means to characterize specific biotopes.
Conclusions
The technique of NGS has made significant improvements for genome sequencing of photosynthetic eukaryotes in a time-and cost-effective fashion. Comparative genomics using NGS data answered key questions about algal evolution such as horizontal and endosymbiotic gene transfer. For instance, based on comparative genomics of Galdieria phlegrea and Galdieria sulphuraria, Qiu et al. (2013b) identified the six eubacterial-derived urea utilization genes only in Galdieria phlegrea. Because Galdieria phlegrea is adapted to dry habitats near fumaroles between rocks or inside of rocks, Galdieria phlegrea may have acquired the full set of foreign genes to adapt to new and stressful environmental conditions, while other sister cyanidiophycean taxa have lost these genes. Although bioinformatic tools need to be developed to handle the massive amounts of NGS data, accumulating genome data and upcoming innovations in DNA sequencing technologies will provide a more reliable accounting of the evolutionary history of algae and in the near future answer fundamental questions about their biology.
